Similarities between lambda and rRNA transcription antitermination have led to suggestions that they involve the same Nus factors. However, direct in vivo confirmation that rRNA antitermination requires all of the lambda Nus factors is lacking. We have therefore analyzed the in vivo role of NusB and NusG in rRNA transcription antitermination and have established that both are essential for it. We used a plasmid test system in which reporter gene mRNA was measured to monitor rRNA antiterminator-dependent bypass of a Rhodependent terminator. A comparison of terminator read-through in a wild-type Escherichia coli strain and that in a nusB::IS10 mutant strain determined the requirement for NusB. In the absence of NusB, antiterminatordependent terminator read-through was not detected, showing that NusB is necessary for rRNA transcription antitermination. The requirement for NusG was determined by comparing rRNA antiterminator-dependent terminator read-through in a strain overexpressing NusG with that in a strain depleted of NusG. In NusGdepleted cells, termination levels were unchanged in the presence or absence of the antiterminator, demonstrating that NusG, like NusB, is necessary for rRNA transcription antitermination. These results imply that NusB and NusG are likely to be part of an RNA-protein complex formed with RNA polymerase during transcription of the rRNA antiterminator sequences that is required for rRNA antiterminator-dependent terminator read-through.
All rRNA operons in Escherichia coli have antiterminator sequences in their leader and spacer regions that allow RNA polymerase, modified with protein factors, to transcribe through Rho-dependent terminators of rRNA operons (1, 2, 5, 21) . The identities of all of the protein factors have not yet been established, but the RNA sequences required have been determined (5, 37) . The rRNA leader region antiterminator features include a region of dyad symmetry, referred to as boxB, and conserved sequences, boxA and boxC (21) . The spacer regions do not contain the boxC feature (5) . Studies with an entire rRNA operon on a plasmid show that leader region boxA mutations result in a 20 to 25% decrease in the amount of 16S and 23S rRNA (14) . Spacer boxA mutations result in an additional 15% decrease of 50S subunits (28) . These studies suggest that as a consequence of improper rRNA transcription antitermination (rRNA-AT), there is an increase in Rho-dependent termination that in turn results in a decrease of 16S and 23S rRNA. Mutational studies of the three rRNA antiterminator features, boxB, boxA, and boxC, identified boxA as the essential region for transcription antitermination and boxA alone as sufficient for in vivo readthrough of Rho-dependent terminators (5) . However, the other conserved features may have as-yet-unidentified functions in vivo. In addition, the boxA feature by itself stimulates an increase in the RNA polymerase transcription elongation rate from 35 to 65 nucleotides per s on the lacZ gene (38) .
Although there is no direct evidence, a relationship between an increase in RNA polymerase transcription elongation rate and terminator read-through may exist. Interestingly, Nus factors A, B, and G are necessary for the boxA-mediated increase in transcription elongation rate (37) (38) (39) .
Present models suggest that the rRNA antiterminator is a site where RNA polymerase and protein factors interact, resulting in a transcription complex with altered terminator recognition and altered transcription elongation properties. Possible interacting factors at the rRNA antiterminator include those required for lambda N/nut antitermination, NusA, NusB, NusE (S10), and NusG, as well as ribosomal protein S4 (22, 38; for reviews, see references 9, 10, 27, and 29). Studies demonstrating a direct role for NusA in rRNA-AT used a nusA cold-sensitive mutant strain and found rRNA boxA-mediated changes in RNA polymerase activities to be defective (38) . In vivo experiments demonstrating faulty rRNA expression in a nusB5 mutant strain also suggest a requirement for NusB in rRNA transcription (31) . Additionally, in vitro experiments show that rRNA-AT activities fail in a NusB-depleted system (34) . Although a direct role for NusE has not been described, a NusB-NusE heterodimer can bind rRNA boxA in vitro, implicating NusE in rRNA-AT (23, 25) . NusG, as well as NusB, has been isolated from rRNA antiterminated complexes in vitro (19) ; however, there are no experimental data demonstrating the importance of NusG in rRNA-AT in vivo. NusG, an essential cellular protein, is known to be involved in multiple aspects of transcription, including influencing the activity of some Rho-dependent terminators and being required for lambda N/nut antitermination (11, 12, 19, 20, 35) . The impor-tance of NusG in Rho-dependent termination has been revealed by studies of the lac operon. There are two intragenic Rho-dependent terminators in lacZ. In the absence of NusG, Rho is virtually inactive at one terminator, while the other terminator is not significantly affected (7) . Through interactions between NusG and Rho or RNA polymerase, NusG may modulate either Rho, RNA polymerase, or both to cause termination or antitermination (8, 19, 20, 35) . These activities of NusG provide a logical need for its presence in the rRNA-AT system, a system that embraces both antitermination and Rhodependent termination.
As described above, several lines of evidence suggest a role for all lambda Nus factors in rRNA-AT in E. coli, but up to now strong support for this suggestion has been lacking in vivo. In this work, we present direct evidence demonstrating an essential role for NusB and NusG in rRNA-AT in vivo by using a plasmid-borne reporter gene system to assess the role of these factors in terminator bypass. This assessment was done by examining the rRNA antiterminator-dependent readthrough of a Rho-dependent terminator in the presence and absence of NusB and under conditions of NusG excess and depletion in vivo. We found that E. coli cells with nusB mutations or depleted of NusG had lost the ability to bypass terminators.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli MC4100 [araD139 ⌬(argF-lac)U169 rpsL150 relA1 flbB3501 deoC1 ptsF25 rbsR] (33) is the parent strain of the nusB-inactivated strain, IQ527 (MC4100 nusB::IS10 zba-525::Tn10). The nusB mutation is also called ssyB63 (32, 36) . This strain generates larger, fastergrowing colonies that have likely lost the insertion element and must be monitored carefully during use. The construction of plasmids pSL102, pSL103, pSL115, and pSL133 has been described previously (21) . The pGB2(NusB) plasmid is a pGB2 derivative with a cloned 2.5-kb fragment containing the nusB gene (13) . Plasmids pGB2 and pGB2(NusB) were a gift from D. Friedman. Strain RARNGT [RAR4100 nusG::kn FЈ(lacI q lacZ::Tn10 proAB ϩ ) pNG33] contains an insertion in the nusG gene and the plasmid pNG33, expressing the nusG gene from the arabinose operon promoter, P BAD (30, 39) .
mRNA measurements of terminator read-through. Overnight cultures of either MC4100 or IQ527 containing plasmid pSL102, pSL103, or pSL115 were grown at 37°C in Luria-Bertani (LB) medium with ampicillin (100 g/ml). These strains containing an additional compatible plasmid, pGB2(NusB), were grown in LB medium with ampicillin (100 g/ml) and spectinomycin (40 g/ml). Cultures were inoculated at an optical density at 600 nm (OD 600 ) of 0.04 and were grown to an OD 600 of 0.6. Total cellular RNA was isolated and subjected to slot blot analysis (39) . For the analysis, triplicate 0.25-g amounts of each sample of denatured total RNA were used. These experiments were repeated at least three times.
For the NusB experiments, the following end-labeled oligonucleotide probes were used. Probe cat#1 (5Ј TGCCATTGGGATATATCAACGGTGG 3Ј) is located at nucleotides 26 to 50 of the cat gene coding sequence and was used to detect transcripts beyond the Rho-dependent terminator. Probe bla#1 (5Ј GG GAATAAGGGCGACACGGAAATG 3Ј) is located at nucleotides 13 to 36 of the bla gene coding sequence and was used to detect bla transcripts. The bla gene transcript was used to correct cat mRNA levels for incomplete cell disruption and possible variations in plasmid copy number (17) .
For the NusG experiments, the following end-labeled oligonucleotide probes were used. Probe cat#2 (5Ј CGAAGCTCGGCGGATTTGTCCTAC 3Ј) is located before the cat gene. Probe bla#2 (5Ј GCCCGGCGTCAACACGGGAT AATAC 3Ј) is located downstream of bla#1 at nucleotides 100 to 124 of the coding sequence. These new probes were used because pNG33 has the cat gene and part of the bla gene. The probes were end-labeled with [␥-32 P]ATP (7,000 Ci/mmol; ICN, Costa Mesa, Calif.) and T4 polynucleotide kinase (New England, Biolabs, Beverly, Mass.). The membranes were prehybridized, hybridized, washed according to the procedure of Angelini et al. (4) , scanned, and quantified with a Storm PhosphorImager (Amersham Biosciences Corp., Piscataway, N.J.) and the Image-Quant program.
Depletion of NusG from the cell. Strain RARNGT containing pSL102, pSL103, or pSL115 was grown overnight at 37°C in LB medium containing 0.2% arabinose, kanamycin (50 g/ml), and ampicillin (100 g/ml). Cells were washed in LB medium to remove any arabinose and then inoculated at an OD 600 of 0.02 in LB medium containing either 0.2% D-fucose, 0.2% D-glucose, kanamycin, and ampicillin (ϪAra condition) or 0.2% arabinose, kanamycin, and ampicillin (ϩAra condition). To maintain exponential growth, the cultures were diluted 1:10 after 3 and 5 h with the same fresh media. At 6 and 7 h, cultures with arabinose were diluted 1:10 and 1:5, respectively, with fresh media. Cell samples were removed at the indicated times for RNA preparation and Western analysis.
Western analysis. The protocol described by Bollag and Edelstein (6) was followed. After sampling, cells were spun, resuspended in 3ϫ sodium dodecyl sulfate (SDS)-loading dye, and boiled for 5 to 10 min. Samples prepared from 0.5 ϫ 10 8 cells were loaded onto an SDS-12% polyacrylamide gel electrophoresis gel and subjected to electrophoresis for 45 min at 100 to 200 V. The proteins were then transferred onto a polyvinylidene difluoride membrane according to the manufacturer's instructions (Bio-Rad, Hercules, Calif.). The membrane was blocked for 1 h at room temperature by using 5% nonfat dry milk prepared in 1ϫ TBS (30 mM Tris-Cl [pH 7.4], 150 mM NaCl). A 1:2,000 dilution of anti-NusG rabbit serum (a generous gift from Barbara Stitt) in blocking solution was added to the membrane. It was incubated for 1 h at room temperature and then washed with 1ϫ TBSTT (1ϫ TBS plus 0.05% Tween 20 and 0.2% Triton X-100) three times for 10 to 15 min. A 1:10,000 dilution of the secondary antibody, goat anti-rabbit immunoglobulin G conjugated with horseradish peroxidase (Promega, Madison, Wis.) in blocking solution, was added to the membrane and incubated for 1 h at room temperature. The membrane was washed as before and then rinsed in 1ϫ TBS for 5 min. The chemiluminescence substrate (Amersham Life Science, Arlington Heights, Ill.) was incubated with the membrane for 1 min, and then the membrane was exposed to X-ray film. To quantitate the amount of NusG detected in the cell lysates, 12.5, 25, and 50 ng of purified NusG were loaded on the same gel. After Western blotting and developing, the films were scanned with a densitometer (Amersham Biosciences), and the amount of NusG was quantitated with the Image-Quant program.
RESULTS
The basic protocol followed to measure rRNA-AT activity in the absence of Nus factors B and G was to comparatively examine mRNA transcript levels from three separate plasmid constructs (Fig. 1 ). The first construct contained a promoter gene and a reporter gene, the second also contained a terminator, and the third contained the terminator as well as the rRNA-AT sequences. Quantitation of reporter gene mRNA from all three constructs allowed a determination of terminator efficiency or bypass.
In vivo role of NusB in rRNA-AT. Previous measurements of rRNA levels in a nusB5 mutant strain showed a decrease in 16S and 23S rRNA levels relative to those in leader region transcripts, and it was concluded that the reduction was due to a defect in transcription antitermination (31) . However, a direct link between antitermination and rRNA levels was not established. In the present work, we directly addressed the role of NusB in antitermination by using a defined rRNA-AT system and examining terminator bypass in the complete absence of NusB. We used a strain, IQ527, containing an insertional inactivation of the nusB gene (32, 36) . By Western blot analysis, we confirmed the reported absence of the NusB protein in IQ527 (data not shown). We used this strain and a plasmidborne reporter gene system described previously (2, 5, 21) . Linear representations of the plasmids are shown in Fig. 1 . The cat and bla mRNA levels were measured for each strain, and cat/bla ratios were determined. The cat/bla mRNA ratio for pSL102 reflects the amount of nonterminated transcription and was designated 100%. Rho-dependent terminator efficiency was determined by comparing the relative cat/bla mRNA transcription levels from pSL102 and pSL103. Like- VOL. 186, 2004 Nus FACTORS AND rRNA TRANSCRIPTION ANTITERMINATION wise, terminator read-through was determined by comparing the cat/bla mRNA ratios for pSL103 and pSL115.
We measured the amount of terminator read-through in the nusB::IS10 strain and its parent (MC4100) in the presence or absence of a plasmid carrying the nusB gene, pGB2(NusB) (13) . In the absence of NusB, the levels of terminator readthrough were very low and similar with and without the rRNA-AT sequence (3 and 5%, respectively) ( Table 1 and Fig. 2; compare P2 [rrnG operon P2 promoter]-Ter [a fragment of 16S RNA in the reverse orientation that contains an efficient Rho-dependent terminator] to P2-AT [a 67-bp fragment from the rrnG leader region containing rRNA antiterminator boxB, boxA, and boxC features]-Ter in the absence of NusB). Similarly, the presence or absence of NusB had no significant effect on terminator activity (3 or 4% in each case) ( Table 1) . However, in the presence of NusB and the antiterminator, termi-nator read-through was restored from 5 to 108% (Table 1) . Because, in the absence of NusB, rRNA-AT-dependent terminator bypass was abolished, these results directly demonstrate the essential nature of NusB in rRNA-AT in vivo.
In vivo role of NusG in rRNA-AT. To address the question of whether or not NusG is required for rRNA-AT, we used a strain in which NusG could be depleted from the cell (35, 39) . The strain used, RARNGT, contains a kanamycin resistance cassette inserted into the chromosomal copy of the nusG gene (35) and carries a plasmid expressing NusG from the arabinose promoter P BAD (39) . Expression of the nusG gene in these cells requires the presence of arabinose in the media. Cells were isolated after 1 to 9 h of growth and analyzed for the presence of the NusG protein by Western blot analysis ( Fig.  3A and B) . As a control, we showed that the addition of arabinose had no effect on the expression of NusG in the parent strain (RAR4100) of RARNGT (Fig. 3C) . The normal number of NusG molecules per cell in E. coli is 1 ϫ 10 4 to 2 ϫ 10 4 (20) . In our strains, after 1 h of growth in the presence or absence of arabinose, there was approximately 1.5 ϫ 10 4 molecules of NusG per cell, in good agreement with the level reported previously ( Fig. 3A and B) . After 3 h of growth in the presence of arabinose, there was an approximately two-to threefold increase in the amount of NusG (Fig. 3B ). In the absence of arabinose, the cells were depleted of NusG after 3 h of growth (Fig. 3A) . Quantitation of NusG after 8 or 9 h of growth without arabinose showed that there were only 300 to 600 molecules of NusG per cell (quantitation data not shown). The P BAD promoter may not be off entirely, even with the addition of glucose and fucose to the medium (see Materials and Methods), allowing this basal level of NusG to be produced.
Because NusG plays a role in both Rho-dependent termination and antitermination, we anticipated that NusG depletion might have a deleterious effect on the efficiency of the particular terminator used in our system, similar to the results seen with one of the intragenic Rho-dependent terminators in lacZ (7) . The levels of cat/bla mRNA for P2-Ter were measured in the presence of arabinose and at timed intervals after arabinose removal. The results were normalized to mRNA levels from the plasmid containing only P2 and are shown in Table 2 . In the presence of arabinose and with a two-to threefold increase in NusG, terminator read-through went FIG. 1. rRNA antiterminator test system. Details of the construction of these plasmids can be found in a report by Li et al. (21) . Open boxes refer to the cat and bla genes. Arrows indicate the beginning and direction of transcription. Broken lines represent transcripts either starting at the P2 promoter and extending through the cat gene or starting at the bla promoter and extending through the bla gene. The short horizontal bars below the broken lines represent the cat#1 and bla#1 probes used for the NusB studies. The short horizontal double bars represent the cat#2 and bla#2 probes used for the NusG depletion studies. The P2 promoter is from the rrnG operon. Terminators t1 and t1 t2 are from the rrnB operon. pSL103 has an insertion of a Rho-dependent terminator (Rho-ter), a 567-bp HindIII fragment of the 16S rRNA gene from the rrnB operon cloned in the reverse orientation that fortuitously has Rho-dependent termination activity (21) . pSL115 has an insertion of the antiterminator (AT) and the Rhodependent terminator. The antiterminator is the 67-bp FnuDII-TaqI fragment from the leader region of the rrnG operon located between P2 and the 16S rRNA gene. It contains rRNA boxB, boxA, and boxC sequences (21) . from 14% at 1 h to 5% at 9 h ( Table 2 , P2-Ter, ϩAra). When the cells grew in the absence of arabinose and NusG was depleted, terminator read-through followed the opposite trend, going from 12 to 31% ( Table 2 , P2-Ter, ϪAra). These results indicate that NusG was needed for the maximal efficiency of this Rho-dependent terminator, but considerable termination still occurred when it was depleted. When the rRNA-AT sequences were added to the plasmid system, there was no difference between the resulting system (P2-AT-Ter) and P2-Ter. After 9 h without arabinose, terminator read-through levels were similar for the two constructs, 31 and 33%, respectively (Table 2 ). However, in the presence of NusG, terminator read-through remained efficient. These results indicate that when NusG was depleted, the rRNA-AT system was completely unable to facilitate terminator bypass. From these data, we conclude that the rRNA-AT system is dependent on the presence of NusG for its activity.
DISCUSSION

Role of NusB in ribosomal antitermination.
Nuclear magnetic resonance experiments indicate that the N terminus of NusB likely functions as an rRNA boxA RNA-binding motif, suggesting that NusB may be an important link between the rRNA antiterminator and other factors in forming a stable transcription antitermination complex (3, 15) . Previous studies of rRNA expression in a nusB5 mutant strain of E. coli demonstrated that wild-type NusB protein was necessary to obtain usual levels of rRNA products (31) . However, direct in vivo demonstration of NusB activity in a defined rRNA-AT system has not previously been described. Using a strain with an insertional disruption of the nusB gene, we showed that rRNA-AT-dependent antitermination of a Rho-dependent terminator did not occur unless NusB was supplied to the cell. Although the nusB::IS10 strain has a prolonged doubling time, is cold sensitive, and has a diminished peptide elongation rate, the fact that it is viable demonstrates that a fully functional transcription antitermination system in rrn operons is not required for cell viability (32, 36) . The mechanistic interactions of NusB resulting in antitermination are unknown. However, because NusB and NusE have been shown to bind to rRNA boxA in vitro and NusE has been shown to bind to RNA polymerase, the RNA-NusB/NusE subcomplex may interact with RNA polymerase and other factors to stabilize a transcription complex that is resistant to Rho-dependent terminators (19, 25, 26) .
Role of NusG in ribosomal antitermination. A role for NusG in antitermination was previously suggested by the identification of NusG in complexes formed in vitro on templates 
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Nus FACTORS AND rRNA TRANSCRIPTION ANTITERMINATION containing rRNA boxA (19) ; however, no previous in vivo experiments to address the requirement for NusG in rRNA-AT have been reported. We showed here that the presence of NusG is crucial for forming a functional rRNA-AT complex. How NusG functions in rRNA-AT is not clear. Li et al. (19, 20) have suggested a model to explain the function of NusG in Rho-dependent antitermination in the lambda N/nut system. In this model, NusG interacts with RNA polymerase in the presence of the other antitermination factors and the nut sequence. Because NusG also binds to Rho (20) , there is a high probability of transcript-bound Rho interacting with an anti- terminating RNA polymerase containing NusG. This interaction could inhibit the translocation of Rho 5Ј to 3Ј along the transcript and therefore inhibit Rho-mediated termination, permitting RNA polymerase to continue transcribing (20, 24) . Because rRNA-AT works efficiently to suppress Rho-dependent terminators (2) , by analogy to the lambda model, NusG may also serve to inhibit Rho-dependent termination in the rRNA-AT system by interfering with Rho's termination activity.
Nus factors are required for increased transcription elongation rates and rRNA-AT. It is now clear that the modified RNA polymerase capable of antitermination requires many of the same factors for terminator read-through and for increasing transcription speed. Vogel and Jensen (37) found that the transcription elongation rate of RNA polymerase increases from 45 to 65 nucleotides per s in the presence of rRNA boxA. They also found that this increase is dependent upon NusA and that NusA is required for terminator read-through (38) . Zellars and Squires (39) found that NusB and NusG also increase the rate of transcription elongation in an rRNA boxAdependent fashion. NusB increases the transcription elongation rate from 26 to 66 nucleotides per s, and NusG increases the rate from 37 to 66 nucleotides per s. The requirement of Nus factors for both rRNA-AT and the increased transcription elongation rate suggest that these two processes are intrinsically related. The speed at which the antiterminated RNA polymerase transcribes a terminator region may dictate how easily Rho can mediate termination. A model that relates both the read-through of a Rho-dependent terminator and an increase in the transcription elongation rate is supported by experiments studying RNA polymerase mutants with low and high transcription elongation rates and Rho mutants. Jin et al. (16) showed that a mutant RNA polymerase with a reduced transcription elongation rate can suppress a specific mutant Rho. They suggested that the ability of Rho to terminate is dependent upon the transcription speed of RNA polymerase. This hypothesis can be applied to rRNA-antiterminated RNA polymerases, whose increased rate of elongation may facilitate transcription through Rho-dependent terminators in the rRNA operons.
It is interesting that terminator read-through and an increased RNA polymerase transcription elongation rate may reveal separate facets of the same process. It is possible that the transcription elongation rate of an antiterminated RNA polymerase directly affects the level of terminator read-through, although this possibility has not been directly examined. An increase in the transcription elongation rate may be necessary for the synchronization of proper folding of the rRNA as it is being transcribed and the assembly process of the ribosomal subunits. Lewicki et al. (18) showed that an RNA polymerase with a very high transcription elongation rate, such as T7 RNA polymerase that transcribes five times faster than E. coli RNA polymerase, results in the formation of inactive ribosomes. These investigators suggested that the very rapid transcription of rRNA by T7 RNA polymerase uncouples the delicate relationship between transcription and ribosomal assembly (18) . This result raises the possibility that the twofold antiterminator-dependent increase in the transcription elongation rate is necessary for the proper folding of the rRNA and the subsequent assembly of the ribosomal subunits (38, 40) . 1, footnotes b, c, and d , for a description of plasmid features. c cat/bla mRNA ratio normalized to that for pSL102. These experiments were repeated two or three times. cat/bla ratios varied from day to day, but the relative differences between the different plasmids remained the same.
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